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SUMMARY 

The results of an experimental investigation to determine the 
pressure-distribution characteristics of a conically cambered wing with 
and without pylon-mounted engine nacelles are presented for'Mach numbers 
of 1.6 and 1.9. Wing airfoil sections in the stresmwise direction were 
composed of NACA 0004.08-63 sections symmetrically distributed about a 
cambered surface conical about the wing apex. Pressure data are pre- 
sented for nominal angles of attack of -20, O", b", and 8O for a Reynolds 
number of 2.9 million for a Mach number of 1.6, and ?.6 million for a 
Mach number of 1.9. 

The pressure data obtained during this investigation indicate that 
the law-pressure region existing on the upper surface aver the forward 
part of the wing was spread aver a larger proportion of the locsl chord 
than would be the case for an uncambered wing. It could be expected, 
therefore, that a reduced value of drag due to lift would be realized as 
a result of the camber. 

The addition of the engine nacelles beneath the wing created large 
pressure changes on the wing, particularly on the lower surface, which 
were reflected ti the chordwise and spanwise distribution of load. These 
effects resulted in a net increase of lift carried by the wing and an 
inboard shift of the spanwise location of the center of pressure. 

INTRODUCTION 

. 
The pressure-distribution characteristics of airplane wings with 

externally mounted nacelles or stores are exceedingly difficult to pre- 
diet with satisfactory accuracy while it has become increasingly important 
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with the advent of thin wings to have an accurate knowledge of the load 
distribution. An experimental investigation of a model of an airplane 
with external engine nacelles was recently conducted in the Ames 6- by 
6-foot supersonic wired tunnel to provide information on this eubdect. 
The results of pressure measurements an the wing of the model, both with 
and without the nacelles, are published herewith tit&out detailed analysis. 

NOTATION 

Free-stream conditions: 

M Mach number 

s, dynamic Pressure, lb/q in. 

PO static pressure.;lb/q in. 

Wing geometry: 

b spsn, in. 

C local chord, in. 

cav average chord, in. 

a angle of attack of wing root chard, deg 

X chordwise distance from leading edge of local chord, in. 

Y later&. distance from wing root chord, in. 

z perpendicular distance from wing chord plane, in. 

Pressure data: 

P local static pressure, lb/sq in. 

.-.- -- 

-. - 

- 

CnC - span loading coefficient, cav J' (e) dx 
0 

Subscripts 

u conditions on wing upper surface 

2 conditions on wing lower surface 

ii 
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m WindTunnel 

The investigation reported herein was conducted in the Ames 6- by 
g-foot supersonic wind tunnel, which is of the closed throat, variable 
pressure type. Further information regarding this facility can be found 
in reference 1. 

Model 

The model used for this investigation represents a four-engined, 
bomber-type airplane having a slender, indented body with a cambered, 
low-aspect-ratio triangular wing and a sweptback vertical tail (see 
figs. 1 and 2)., As shown in figure 3, the model wing was liberally 
instrumented with static-pressure orifices on the wper right and lower 
left wing surfaces and to a lesser degree on the lower right and upper 
left wing surfaces. Support in the wind tunnel was provided by a sting 
which was an integral extension of the afterbody. 

The wing utilized on the model was of triangular plan form having 
the leading edges swept back 60° and the trailing edges swept forward 
10°,.providing an aspect ratio of 2.3. Thewingwas mounted on the body 
with 3O incidence. Airfoil sections in the streamwise dire&Ion were 
composed of NACA 00&.08-63 sections symmetrically distributed about a 
cambered surface derived from a modification of the method suggested in 
reference 2 and expanded in reference 3. In reference 2, a cambered 
shape is derLved which should support a nearly elliptic span load distri- 
bution at the design cations. The derived shape was cambered out- 
boardof 80 percentofthe localsemispanbut, for structural reasons, 
the cardbered portion of the wing of the present Investigation was limited 
to the area outboard of 85 percent of the local semispan. The resultant 
cambered shape was conical about the wing apex and planar inboard of 85 
percent of the local semispan. Ordinates of the cambered surface are 
given in table I. 

Ducted engine nacelles were mounted on removable pylons beneath the 
wing as shown in figure 2. Also shown are the elevens, which remained 
undeflected during the present investigation, and the landing gear fair- 
ings, which protruded above and below the wing contour. 
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IKCA REDUCTION 

The local static pressures exist=--m-the model wing were transmitted 
outside the test section by pressure tubing and introduced into one side 
of differential pressure transducers. -The opposite side of each trans- 
ducer diaphragm was subjected to a common reference 'pressure which was 
maintained nearly constant at a value midway between the maximum and min- 
imum expected model static pressures. The electrical output of each 
transducer was then digitalized and recorded. The wind-tunnel total 
pressure wae measured separately by two additional differential pressure 
transducers-and recorded similarly. Measurement of the absolute pressure 
of the reference supply was performed by two absolute pressure trans- 
ducers. From these measured data, the pressure coefficients presented 
herein were calculated. 

TESTsANDPRFKlsIoR ~. 

Pressure-distribution measurements were obtained at several spanwise 
stations on the upper e-lower surfaces of the model wing, both with and 
without engine nacelles. Tests were conducted at nominal angles of 
attack of -2O, O", 4O, and 8O for Mach numbers of 1.6 and 1.9. The 
Reynolds numbers of the tests, based upon the wing-mean aerodynamic 
chord, were 2.9 million for M = 1.6 and 2.6 million for M = 1.9. 

Each of the pressux+e measurements, that Is, total pressure, reference 
pressure, andwinglocalpressures, is estimated to be accurate within 
about l-1/2 percent of the dynamic pressure. Since these three separate 
measurements were involved in the calculation of each preskure coeffi- 
cient, the mean measure&s& error was calculated by the root mean square 
method to be about 2-l/2 percentnP the dynamic pressure. Although this 
may represent the error in absolute pressure magnitude, inspection of the 
data-indicates that the distribution of pressure aIong any chord is con- 
siderably more accurate. This might be expected since fixed values of 
two of the variables, total pressure and reference pressure, were usually 
used for calculation of the pressure coefficients existing along any chord. 

In addition, the pres8ure measurements on the wing are subject to 
an error caused by stream angularities and stream ambient pressure grad- 
ients. The model was tested with the Kings-in a vertical plane since it 
has been shown in reference 1 and some unpublished work that there is 
little flow angularity in-horizontal planes (the pitch plane of the 
model). There are, however, ambient static-pressure gradients in the 
vertical plane as large as 4 percent of the dynsmic pressure. Since 
these gradients do not change abruptly in the longitudinal direction, 
they probably do not mask any local flow phenomenon. 

-- 



NACA RM A56EiO3 5 

. 
The angle of attack of the model with respect to the tunnel center 

line is estimated to be accurate within O.l". 

RESTJL'IS AND DISCUSSION 

To permit a more graphic presentation of the results of this 
investigation, it was desirable to selectrepresentative data which 
would show the upper and lower surface pressure distributions at equiva- 
lent spanwise locations. With the instrumentation provided on the model, 
however, this was possible only by combining the pressure distributions 
measured on,the left- and right-hand wing panels. This has been done in 
the graphical results presented herein for 
O", 4', and 80. 

nominal angles of attack of 
The pressures measured on the lower left and upper right 

wing panels have been plotted on a plan view of the right wing panel at 
all comnon spanwise locations. A tabulation of the measured pressure 
coefficients is presented in tables II and III. 

Pressure Distribution 

Without nacelles.- An examination of the pressure distributions 
shown in figure 4 for the model without nacelles at M = 1.6 indicates 
that the highly localized low-pressure peaks characteristic of the flow 
over the leading edges of uncsmbered wings have been reduced in magnitude 
and distributed over a larger percent of the local chord by the effects 
of the conical ca&er. This redistribution of the low-pressure region 
over a greater area on the canibered wing should permit attainment of higher 
leading-edge suction forces, and hence a lower drag due to lift, than 
that for uncambered wings. 

Although not proved conclusively, there are indications in figure 4(c) 
of the presence of a shock wave on the upper surface of the wing, partic- 
ularly at the 34percent-semiapan station, for an angle of attack of 8.50. 
Shock waves of this nature have been reported in references 4 and 5 for 
uncsziberedwings having similar ratios of leading-edge sweep toMachline 
sweep. The effects of Reynolds number were not investigated during the 
present tests, but it was shown in reference 5 that an increase in Reynolds 
number delayed the formation of such a shock wave to higher angles of 
attack. 

On the lower surface of the wing, figure 4(a) shows an expansion 
. region near the leading edge at an angle of attack of -O.l" for a Mach 

. number of 1.6. This region of low pressures is most evident where the 
camber is greatest, that is, near the wing tip. As an example, the lower 
surface pressures measured at the 85.6~percent-semispan station indicate 

-I 
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the -presence of a localized expansion, of the type reported in reference 6, 
over the forward 5 percerit of the local chord terminated by a shock wave. 
Following this weak shock wave, a region of separated flow al?parently m 
exists aft to about 45 percent of the local chord where a strong shock 
wave stands. - 

The influence of the body is noticeable principally at the most 
inboard station, see figure 4, which was near the wing-body juncture. 
Actually the spanwise locations of the orifices varied as can be seen in 
figure 3, but the data,have been plotted on a streamwise axis which was 
located visually as aood average location for all the orifices, both 
upper and lower. The wing-body fillet, which was quite generous near the 
wing trailing edge, was designed to fair into the eleven with the eleven 
deflected upward 30. The upward s-weep, with respect to the wing chord 
plane, of the trailing edge of the fil&et probably-caused the ccmpreseion 
on the upper surface of the wing and the expansion on the Lower surface 
which can be seen aft of about 85 percent of the local chord. An expan- 
sion on the upper surf&e b.etween..dO_and.85 percent of the local chord 
was probably caused by the indented portion of the body. 

Through necessity, the landing gear fairings were in place for all 
the tests. Their effects upon the wing pressure distributions are diffi- 
cult to isolate but are believed to be small, The pressure variations 
near the elevon hinge line are likely to be the result of the gap and 
possible misalinement of the elevon. . 

At M = 1.9, the data of figure 5 show that the pressure distribu- 
tions measured on the-wing without nacelles are generally similar to 
those measured for M = 1.6. 

. 

With nacelles.- The addition of the nacelles beneath the wing can 
be seen, from comparisons of figures 6 and 7 with figures 4 and 5, to 
have produced large changes in. the distr$.bution of pressure on the lower 
surface of the wing at Mach numbers of 1.6 and 1.9. The pressure distri- 
butions measured on the upper surface of the wing were relatively 
unchanged by the addition of the nacelles. 

Large chordwise pressure gradients in the vicinity of the inboard 
nacelle afterbody can be seen, in figures 6 a.ud 7, to have existed at 
each of the test Mach numbers. In particular, a region of pressures 
higher than those measuredfor the wing without nacelles existed at the 
34-percent-semispan station in the proximi ty of the nacelle afterbody. 
These pressures increased in magnitude -with increasing angle of attack. 
Near the base of the nacelle an expansion occurred, followed by sn abrupt 
compression. After the latter compression, the flow smoothly expanded 
in the chordwise direction. 
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The flow field midway between the inboard and outboard nacelles was 
very complex because of the proximity of each of the nacelles. At the 
58-percent-semispan station, for instance, a series of very abrupt pres- 
sure changes existed throughout the angle-of-attack range for each of the 
test Mach numbers. These pressure changes are probably a result of the 
exit shocks from the inboard nacelle, the inlet shocks from the outboard 
nacelle, and the oblique wave from the supporting pylon of the outboard 
nacelle. 

LOADING 

Since large pressure differences have been shown to exist on the 
wing due to the presence of the nacelles, it is of interest to determine 
the effects of the nacelles upon the s-panwise load distribution. Fig- 
ure 8 shows the spanwise variation of loading coefficients for the wing 
with nacelles compared to that for the wing without nacelles for the two 
test Mach numbers. The curves for the wing without nacelles were obtained 
by averaging the integrated chordwise pressure distributions measured on 
the left and right wing panels, thus largely eliminating the effects of 
stream asymmetries. The curves for the wing with nacelles were obtained 
by the addition of the measured increments of loading coefficients due 
to the presence-of the nacelles to the average loadings obtained without 
nacelles. 

For a Mach number of 1.6, figure 8(a) indicates that the presence of 
the engine nacelles beneath the wing creates rather large changes in the 
span load distribution. The net result was an increase of the total lift 
carried by the wing and an inboard shift of the s-&nwise location of the 
center of pressure at 4.2O and 8.5O angles of.attack. For a Mach number 
of 1.9, figure 8(b) shows incremental loadings due to the nacelles similar 
to those measured for a Mach number of 1.6. 

CONCLUDING REMARKS 

Results of the pressure distribution investigation of a conically 
cambered, triangular :.'ing of aspect ratio 2.3, both with and without 
pylon-mounted engine nacelles, may be swxxwz ized as follows: 

1. A smooth expansion on the upper surface occurred near the lead- 
ing edge at ying angles of attack from about-2.20 to 8.5O in contrast 
to the concentrated high negative pressures which are characteristic of 
uncambered wings. 
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2. Near zero angle of attack, a localized expansion occurred on 
the lower surface very near the leading edge, 6-r to that usually 
found on the trpper surface of uncamberedwings atangle of attack. !ChiS 
expansion disappeared with.increasing angle of attack. 

3= The addition of the nacelles beneath the wing caused large 
changes in the pressure distributions measured on the lower wing surface. 
The upper surface was- affected to a much lesser degree. 

4. The net effect upon the span load distribution of the addition 
of the nacelles was an increase of total lift carried by the wing and 
an inboard shift of- the spanwise center of pressure for angles of attack 
of approximately ho and 80. 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Field, Calif., Feb. 3; 1956 
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LllABm I.- COOKDIMATES OF CAKBEZED kWRFAC!E 
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TABLE II.- EXFEZlMEKFAL PFtESSURECOElTICIENZ3;M= 1.6 

(a) Upper surface, left wing panel 
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TABLE II.- EiXPmRvIEm I?RESSm ComICIENTs; M = 1.6 - Continued 

ll 

(b) Lmrer surface, left wing panel 
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0.500 -0D41 -0DO9 On81 OL89 -0-110 -on41 one5 0.444 
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TABLE II.- EXl?ERDlEXTAL PRESSURE COEF'FICIWTS; M = 1.6 - Continued 
(c) Upper surface, right wing panel 

6” DC - -!A* 
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-OL7! 

r:z:: 
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TABLE II.- EXF'ERlMENTAL PRESSURE COEF'FICIENTS; M = 1.6 - Concluded 
(d) Lower surface, right wing &me1 

l- 
a 
b 

Ylthcut ImceUcs 

L - -2.eo 

-0269 
I;$;; 
-0002 
-0082 
-0A.93 
-0D79 
-0D96 

1- 0.9 
80,2,a 020 9 
o.l54 

-0005 

0, - -0s 

-83SS 
-0328 
-0380 
-0asi 

-oil95 
-CL93 
- OJL9 

OA24 
-0.c39 
-0A41 

1;::; 

L = La 
:8I888 
-01174 
I;$;; 

0092 
on69 
OA7S 
OR85 
OD46 
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0007 
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234 

8288 
O.lOO 
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OdOO 

OA25 

2E 
0300 
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-0345 
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-0A51 
-0J65 
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-0045 
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0013 OA89 
-0082 OJ30 
-0079 -0045 
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-0030 -0B15 
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0288 
02a9 
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o.l70 
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0326 
oLl124 
0095 

O.pZl 
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OA60 
OD79 
OA 99 
0549 
oLL94 
0293 
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0.7S.L 
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0614 
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U.C85 
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0200 
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OAOO 
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0.822 
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OA78 
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OS58 
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O;LlS 
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0243 
0233 
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0252 

:",z 
0259 
OLa8 
o.l29 

%Z 
OLLSE! 
0549 
0~L23 
O.lZSl. 

OA68 
OA56 
OA62 
OA-76 

-O;L16 
-0L38 
-0156 
-0;Lso 
-0Lli 
-0A98 
-0A37 

2% 
OAlO 

-0A21 
I;*:;: 
-O'A70 
-0dll 
-0A85 

Oil31 
O.C26 
OAZS 
OA19 

-0AOO 
OA91 
--- 

-iii3 
-0cLL17 

0017 
-0Aaa 
-0A19 
-0A20 
-0005 
-0A03 
-0042 
-0.034 
-0064 

m-e 

- 0269 
-0282 
-0246 
-0357 
-0A24 
-01160 
1;;;; 

1:;;; 
-0A71 
-0.c48 
:"o;"J;: 
-0A39 
-0A55 

-0-189 
:;;:9” 
-0D19 

OAl5 
OAll 

-0AO5 
-0036 
-0A28 
-0A36 
-0A33 
-0Dl5 
-0AO2 
1;;;; 
-0A22 

- CD97 
-0A20 
-0AO2 

- oais 
-0c34 
-DA66 
-0A50 
-0A33 
-0A66 
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1 G; 

-0AO2 
-01344 
-o.csc 
I $E 
-0.051 

OAl5 
OA36 
0044 

OOi7 
OAOl 

-0A33 
-0A07 

OAOO 
-0A28 
-0A16 
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0000 
0032 
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-0A30 
1:;;: 
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-0A7B -0ASC 
-0ass -0065 

I g","7; 1::;; 

-0A56 

1;;;; 
-0A34 
-0A27 

OD33 
__- 
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-0.l23 
:;z;; 
-0056 
-0A54 
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-0045 
-01377 
-0062 
-0086 

--_ 

OA69 
ODE3 
OA82 
03.02 
OJ36 
0096 
OA71 
0.04 5 
OA35 
OA35 
OA41 
OA59 
O.CSl 
OA66 
OA56 
OA40 

O-156 
0153 
03.145 

iA-97 
OA83 
OA41 
00.53 

:2x: 
0033 

&-z-i 

0113 
OA45 
OA22 
0931 
OA30 
OA35 

O.zes 
0.291 1 0.253 
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O.l84 
0.34a 
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-zx 
OA62 
OA-73 
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OABO 
OD6S 
OA14 
OA31 
OA2S 
--- 

--- 
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OJ2.9 

%E 
OLL82 
oLt47 
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oLL55 
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0925 
0950 
0970 
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TABLE III.- ExpERmTAL PRESSURE COEZ'FIC~; M = 1.9 
(a) Upper surface, left wing panel 

l- 
a 
T 

uitb 

0 - -o.1° 

CesLea 

0 - 4.9 

8381 
Lx 

p; 

0.084 
0.097 0*)19 
OKI - 0.000 

-00~1 -0.087 

mitlmui 

0. I -o.lC 

nceue6 

a - s.9 a. . t3.P - -2.9 
b.897 

E1”Z 
OD94 

-0.00-r 

0.00 1 
-0007 
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0043 
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0216 
01137 
OD68 
OD45 

- 0.05 a 

823: 
-0.ao2 
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-0A.41 
-0203 

-0.l30 -0.194 .0.013 -0.O58 -O.lll 
-0L53 -0217 -0.o37 -0.094 -0L61 
-Oil48 -0.312 'osa5 -0.089 -0iL69 
-0c135 -0201 .OD03 -0.Q66 -0-152 

0.4 5 4 
-0D04 
-0.074 

::g 
-0245 
-0244 
-0229 
-0.l.73 

8$!?8 
o.loo 

EE 

%E 

0.634 
0.707 
OS00 
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-0.l50 1 -0.210 
-o.a23 
-oido2 

ISO7 

.o.l04 
0.443 
0257 

F%s 
0036 
OD88 

ES 
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0.374 0.233 
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O.O24 -0.071 

-01341 -0-140 
-0.019 -0iL41 

0.010 -0324 
-0.Ol8 -0.l43 

OD07 -0.084 

0207 

:iz: 
o.loo 

-0.044 
0.065 
OB72 
0.056 
0.081 
0.049 
0.035 
0.033 
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0.000 
ODll 

-0.l66 
ax)79 

a08 
-0.004 

on21 
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-0.O26 
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-0.011 

Ox)87 0.051 
0079 ox)34 
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0.476 
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0.404 

E:f 
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t%",," 

SE 
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0.502 
0602 
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0.752 
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0.825 
0650 
0.875 
vsoo 
0950 

0s 39 
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0875 
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0925 
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OD94 

-0.oI.4 
-0.037 
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0.016 
O&25 
o.o52 
OD43 
0.005 
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0.02 6 
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0344 
0.063 
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-0J21 
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IZ$g 

:g$j;: 
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-0.045 
1;;;; 
-0053 

o.a35 ODD8 
O.Ol6 -o.oaa 
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-0.004 -0.o47 

0.022 -0.o21 

-0aa9 
oa95 
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0.070 
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Ez 
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E9f 
o.l57 
OD57 
o&a5 
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EZ 
Ob76 
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O.O61 
o*)a6 

0.4331 
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-0678 
-0D51 
-0.221 

0885 
-0.078 
-0.077 
-0061 
-0.080 

)A57 0,355 
-0JJ65 
1;;;; 
-0242 
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-0.lo4 
-0.093 
-0.o.57 
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-01326 
-0.O58 
-0JJ73 
-0.069 
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1.234 

1.l56 EEi,” 
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-0.029 

-o&l47 
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-CL092 

ES2 
‘0.009 
.o.o02 

OD48 DO6 -0636 
ODl6 -0.019 -0.059 

-on20 -0040 -0083 
-OR07 -0.023 -0.o53 I 

EZ 
-0033 
-0.019 
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'IIABLE III.- B PRESSURE COEFFICIEliEi; M = 1.9 - Continued 
(b) Lower surfacep left wing panel 

1 a b 
)a56 

D - 4-P 

OD76 
-O.alB 
-0.ao2 

0.011 
0.070 
0.099 
0.088 
OD91 

iii6 
ma0 
aa 
O-145 
0135 
0314 
0.069 
0077 
0049 
0073 
0043 
O-110 
od.01 
ozlLo5 
O.li?O 
0.083 

O-124 
aJ52 
OJ34 
0200 

z% 
i-IL48 
oLlo9 
oz27 
a-iii 
0104 
O.lOl 

Efg" 
oLl17 
0.090 
oae4 
0.035 

uith 

0 - -o.Ic 

OAll 

1:;;; 
- o.o72 

-:E; 

“0::: 
o.ola 

-o.ast 
-0D58 -aLoo 
-0.083 -0LLo2 
-0D88 
-0D87 
-0.a22 

OD14 

I;;$: 
-on30 
I!gi'f 

oa 21 
--- 

0515 
-0.015 

O.oS? 
0950 
a*)51 
0.2 16 
0057 
oaso 
OJ51 
0.098 
0073 
O.O61 
oJo1 
OD58 
OD44 
0034 
OD25 

-o-i41 
-0.271 
-0264 

1:;;: 
-0325 
-0209 

aa 

- ii96 
- 0205 
-0.216 
-0211 

1;;;; 
-0.a41 
-0.043 
-0~352 
-a.a41 

- :",:t 
0.003 
oa15 
0023 

-0.o17 

(L - 8.4’ 

aa 
-0aol 

0.0 57 
0207 

E6'Z 
o.272 
--- 

0555 
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0.2 4 1 
a249 
o.251 
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0317 
a274 
0382 
02318 
O.l76 
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OJ72 
o-237 
O.ll6 
OD71 

"0::: -o.lac 
-0115 

0218 -0290 
0217 -0L64 
0214 -0J67 
0210 -a-l15 
020 1 -0.O81 
0237 --- 

0.346 

t 

0324 -o;La4 
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TAN23 III.- P F'FBSSW COEFFIC~; M = 1.9 - Continued 
(c) Upper surface, right wing panel 
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TABLE III.- ExPERIMGNIIIPLL PRESSURE COEF’FICIENTS; M = 1.9 - Concluded 
(d) Lower surface, right wing panel . 
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Figure l.- Perspective of the mcdd. 
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(a) Three-view sketch. 

Figure 2.- Dinxllsional sketch of model. 
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(b) Inboard nacelle. 
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Fit3U’e 2.- Concluded. 



Fi&ure 3.- Graphical representation of wing orifice and Mach Line locations. 
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Figure 4.- Static-pmseure dlstributlon on the conicaLLy cambered wing; M = 1.6. 
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Figure 5.” Static-pressure distribution on the conically cambered wing; M = 1.9. 
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Figure 5.- ContImed. 
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Figure 7.- Static-pressure distribution on the con1cdl.y cambered wing with nacelles; M = 1.9, 



-upper lurhol 

--C-- Lower turfmc 

4 I 

.2 .3 

(b) a = 4.20 

Figure 7.- ContImed. 

.s 1.0 



-uppw wmfoc~ 

--c--Lower surface 

(c) a = 8.4’ 

0 .I .2 .3 .I A .7 A .e I.0 
w 

Figure 7.- Concluded. 

1 I . 

II 



.6 

Iam-OfI 

- Without nacelles 
-- With 

utbd. rick. I 

.3 .4 .5 

y/b/, 

(a) PI = 1.6 

.6 .7 .a .9 1.0 
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